Ruthenium is notably one of the poorest catalysts for CO oxidation under conditions of low and medium oxygen coverages, but turns out to be superior to Pt and Pd if operated in excess O 2 . This puzzling anomaly, introduced by the socalled ''pressure gap,'' has been the subject of many studies, 1-8 both theoretically and experimentally. Three stages have been found for CO oxidation on Ru͑0001͒ as the total O concentration increases.
Ruthenium is notably one of the poorest catalysts for CO oxidation under conditions of low and medium oxygen coverages, but turns out to be superior to Pt and Pd if operated in excess O 2 . This puzzling anomaly, introduced by the socalled ''pressure gap,'' has been the subject of many studies, [1] [2] [3] [4] [5] [6] [7] [8] both theoretically and experimentally. Three stages have been found for CO oxidation on Ru͑0001͒ as the total O concentration increases. [5] [6] [7] [8] ͑1͒ Under UHV conditions, dissociative adsorption of O 2 under low-pressure leads to apparent saturation at a coverage ϭ0.5 monolayer ͑ML͒.
2 The CO/CO 2 conversion rate at this coverage is less than 6ϫ10
Ϫ5 for TϽ500 K. Using density functional theory ͑DFT͒ calculations, Zhang, Hu, and Alavi have located the minimum energy pathway for CO oxidation on Ru͑0001͒ at 1/4 ML coverage. 3 It was found that the reaction mechanism is very similar to that on other close-packed transition metals 4 but with a substantially higher barrier. ͑2͒ At O coverages above 0.5 ML, but lower than 3 ML, which is represented by (1ϫ1)-O phase, the CO/CO 2 conversion rate is slightly higher than that at stage 1, 5 but is always below 2ϫ10 Ϫ4 . Theoretical work of Stampfl and Scheffler also shows a high reaction barrier at this stage.
6 ͑3͒ As the total O 2 coverage exceeds the equivalent of about 3 ML, the CO/CO 2 conversion probability increases significantly, being about 10 Ϫ3 at low temperatures and jumping to about 10
Ϫ2
when temperature exceeds 500 K. 5 Although the debate concerning the reason for the enhanced activity of stage 3 still persists, 5-9 a recent paper 9 by Over et al. using LEED, STM, and DFT demonstrated that the active part of this ''O-rich'' phase is RuO 2 , which grows epitaxially with its ͑110͒ plane parallel to the Ru͑0001͒ surface. They found that CO adsorbs at a coordinately unsaturated Ru site (Ru cus ) and suggested that it reacts with a neighboring lattice oxygen to form CO 2 . Despite this breakthrough, microscopic details of CO oxidation on RuO 2 (110) are still missing. Aiming to shed light on CO oxidation on RuO 2 (110), we have performed DFT calculations for CO oxidation on RuO 2 (110). All the calculation details are described in Ref. 10 .
CO chemisorption on RuO 2 (110), namely, the initial state ͑IS͒ of CO oxidation, was first calculated. 11 The optimized geometrical, structure is shown in Fig. 1͑a͒ , in which the CO adsorbs on a top site of Ru cus with a calculated chemisorption energy of 1.66 eV. Considering that on the RuO 2 (110) surface only two different lattice oxygen atoms exist, O 3f and O br , their bonding energies have been determined firstly to decide which O atom is mostly likely to be involved in CO 2 formation. We found the O 3f ͑7.40 eV͒ is much more strongly bonded than the O br ͑5.64 eV͒, which is consistent with the experimental observation that the O br row disappears after CO oxidation. Thus transition states ͑TS͒ were searched with constrained minimization technique. 3, 12, 13 The TS is identified when the O br -CO distance reaches 1.71 Å, where ͑i͒ the force on the atoms vanish and ͑ii͒ the energy is a maximum along the reaction coordinate ͑the O br -CO distance͒, but a minimum with respect to all remaining degrees of freedom. Previous work 6, 12, 13 shows that for this type of system, the relative error in the TS is considerably smaller than the barriers of concern in this paper.
The geometry of the TS is shown in Fig. 1͑b͒ . It can be seen that to reach the TS the displacement of CO is larger than that of O br , and the C-Ru distance is remarkably lengthened ͑2.07 Å at the TS, 1.88 Å at the IS͒. The reaction barrier is calculated to be 1.15 eV. It should be stressed that this barrier is considerably lower than that on Ru͑0001͒ ͓1.45 eV in p(2ϫ2) cell͔, indicating a high reactivity of RuO 2 (110) for CO oxidation.
To shed light on the high reactivity of RuO 2 (110), we have calculated the local densities of states ͑LDOS͒ projected onto O br atom at the IS and the TS, shown in Fig. 2 . The LDOS is calculated by cutting small volumes with a 0.1 Å radius around 0.4 Å away from the O br center in the y directions. This is the distance between the O br atom center and the charge density maximum of the p y orbital. It is seen that at the IS the larger portion of the p y electrons, as in peak A ͑nonbonding O 2p y ), are located at high energies, compared to the LDOS from the O atom on metal surfaces. 4 Considering the ionic bonding nature in RuO 2 , 14 it is these occupied high-energy states that make the O br unusually re-JOURNAL OF CHEMICAL PHYSICS VOLUME 114, NUMBER 13 1 APRIL 2001 active. Since the nonbonding electrons ͑peak A͒ can be readily donated to CO 2 orbitals, contributing substantially in O-CO bonding ͑peak B͒ formation without much energy loss in original O br -surface bonding, the reaction barrier thus can be greatly reduced. In contrast, on Ru͑0001͒ it has been found that the O ad -CO bond formation leads to the great reduction of metal-O ad and metal-CO bonding. 3, 4 Therefore, the high activity of the O br on RuO 2 (110) is not due to its bonding energy with the surface being low ͓in fact its bond strength is quite similar to that of adsorbed O ad on the Ru͑0001͒ surface 3 ͔, but results from the bonding nature of O br on the metal oxide surface.
LETTERS TO THE EDITOR
It is worth mentioning that we have also found the thickness of metal oxide film affecting the reactivity. A similar DFT calculation with 5 layers of RuO 2 (110) yields a reaction barrier of 0.80 eV. We expect that in real experiments, the reactivity of metal oxide may be affected by its thickness. To date, we have not found the reaction barriers reported from experiments for CO oxidation on RuO 2 (110), and thus a direct comparison between our calculated barriers and experimental ones is not available. However, considering the experimental observation that the CO oxidation is relatively slow below 400 K and reaches a plateau above 500 K, 5 the reaction barrier obtained from our calculations are reasonable.
In conclusion, this work represents one of the first attempts to study CO oxidation on a metal-oxide surface in microscopic detail. The TS and the reaction barrier on RuO 2 (110) are determined and the thickness of the RuO 2 ͑110͒ film was found affecting the reactivity. The electronic structure of the IS and the TS are analyzed, which should shed light on the high reactivity of RuO 2 (110) and the anomaly of Ru under high oxygen pressure.
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